ABSTRACT Li-ion battery reliability has attracted significant research attention, but few studies have incorporated in-service performance and reliability data of batteries installed within a product. This paper investigates battery drain, unexpected shutdowns, and slow performance associated with Li-ion batteries, with a focus on Apple iPhones R as a case study. The actions taken by Apple in response to these performance issues are discussed, especially from the perspective of Li-ion battery degradation. It is shown that not all battery reliability issues can be attributed to normal battery degradation; battery manufacturing defects and high C-rate applications are also shown to be contributors to battery reliability and performance issues, including those causing a low state of charge, a low state of health, and unexpected shutdowns.
I. INTRODUCTION
Li-ion batteries are used in various applications, ranging from consumer appliances, smartphones, and laptop computers to electric vehicles. Performance, reliability, and safety are major concerns in battery applications. The recent fires/explosion incidents in e-cigarettes [1] , the Boeing 787 Dreamliner [2] , computers [3] , smartphones (i.e., Samsung Galaxy Note 7) [4] , and other applications highlight the need for battery reliability and safety assurance.
Battery degradation often refers to the processes by which battery capacity fades and impedance increases with rest and operation [5] . Typically, a battery's degradation level can be estimated by comparing its current state of capacity and impedance to an initial value [6] , and many models built using data-driven and equivalent circuit methods have been developed to evaluate battery state of health (SOH) [7] . Among other reasons for Li-ion battery degradation, solid electrolyte interphase (SEI) layer formation and growth is considered a major mechanism of capacity fade and impedance increase because of the active lithium consumption [8] . External environmental and electrical factors, including high or
The associate editor coordinating the review of this manuscript and approving it for publication was Emanuele Lattanzi. low ambient temperature and high C-rates, affect battery degradation to various degrees [9] . As Li-ion batteries age, the reduced capacity shortens their working duration, and increased impedance decreases their output voltage and deliverable peak power [10] , [11] .
The performance and reliability of batteries installed in products is often significantly different from batteries in predefined laboratory test settings. The delivered current and power from the batteries depend on the usage demands of the products and their applications. As the usage (discharge) profile and environmental conditions for a battery deviate from laboratory experiments, the performance may significantly change from predicted behaviors.
A few studies have focused on battery reliability and safety using in-service data. For example, Stephens et al. [12] identified seven primary categories of potential external causes contributing to failure of Li-ion batteries, such as overcharging, external ambient temperature, and external chemical contamination. Saxena et al. [1] presented a comprehensive review of publicly reported e-cigarette fire and explosion incidents and identified the main causes. Bubbico et al. [13] investigated various dangerous scenarios associated with systems having installed batteries and developed a failure modes and effects analysis (FMEA) for hazard identification.
Feng et al. [14] reviewed the thermal runaway mechanisms of commercial Li-ion batteries for electric vehicles (EVs), including mechanical, electrical, and thermal abuse. Saxena et al. [15] investigated the degradation characteristics and trends of Nexus 6P smartphones based on laboratory tests to explain the mechanisms that caused the interruption of phone operation and erratic shutdowns.
This paper incorporates in-service data, which can reflect the actual performance and reliability level of Li-ion batteries in typical smartphones. Apple iPhone battery degradation incidents were collected and reviewed, and Apple's responses to the battery issues were also analyzed to provide insight into the potential problems of performance decay and capacity fade. Section 2 presents the data and analysis of the Apple iPhone battery issues and Apple's responses. Section 3 discusses the reliability and performance issues in Li-ion batteries. Section 4 presents conclusions.
II. IPHONE BATTERY DEGRADATION INCIDENTS AND ANALYSIS
As of December 2018, Apple has sold more than 150 million iPhones each year since 2013 [16] . Throughout this time, there have been many complaints about slow performance and unexpected shutdowns in iPhones [17] .
Apple released the iPhone 5 in September 2012, and within weeks, complaints about abnormal battery drain and random shutdowns, even in phones that appeared to have adequate amounts of charge left in the battery, were posted on Apple Support Communities. Examples ranged from iPhones that could not hold a charge for more than a few hours to iPhones that shut down even when the battery level was reported to be between 30 to 40% [18] - [21] .
Apple set up a battery replacement program for iPhone 5 in August 2014, nearly two years after the iPhone 5 was introduced to the market and just weeks before Apple released the next-generation iPhone. Apple stated that a small percentage of iPhone 5 devices sold between September 2012 and January 2013 suddenly experienced a short working duration or needed to be charged frequently [22] . Apple did not explain the root cause for the iPhone 5 battery replacement program, but an article in Appleinsider [23] , a website for Apple products and services, suggested that manufacturing defects in the batteries were the likely reason. Subsequently, Apple extended the iPhone 5 battery replacement program by changing the coverage period from ''two years after the first retail sale of the unit'' to ''three years after the first retail sale of the unit'' [23] .
Apple launched the iPhone 5s in September 2013, and within a month, there were similar complaints that these devices were experiencing shutdowns and reduced working duration [24] , [25] . Apple responded to complaints about the iPhone 5s in October 2013, and The New York Times [26] reported that Apple had discovered a manufacturing issue that could cause the iPhone 5s battery to have a reduced working duration, and that Apple would offer a battery replacement, claiming that the problem was attributed to battery manufacturing defects. Interestingly, the battery suppliers were different for each of the models. Sony (Japan) supplied the batteries for the iPhone 5, and Desay and Simplo (China) supplied the batteries for the iPhone 5s [27] .
Apple launched the iPhone 6 in September 2014 and the iPhone 6s and iPhone 6s Plus in September 2015. Again, there were numerous complaints about reduced battery performance and unexpected shutdown in these iPhones as reported on Apple's official website [28] - [30] . Similar complaints about the iPhone 6, 6s, and 6s Plus batteries were also reported in mainstream news outlets [31] , [32] .
In November 2016, Apple set up the ''iPhone 6s Program for Unexpected Shutdown Issues'' to replace affected batteries, claiming that ''a small number of iPhone 6s devices made in September and October 2015 contained a battery component that was exposed to controlled ambient air longer than it should have been before being assembled into battery packs'' [33] . Unfortunately, as it did with the iPhone 5, Apple waited over a year to announce the iPhone 6s battery replacement program. However, unlike the announcement of the battery replacement program for the iPhone 5, in which Apple did not explain the reasons for the battery drain issue, Apple conceded in a message posted on December 1, 2016 , that the battery replacement program for the iPhone 6s was due to manufacturing defects in batteries [11] . In the same message (the underlining is our emphasis), Apple [11] , a negligible number of people complained about shutdowns under such conditions. Meanwhile, Apple acknowledged that manufacturing defects caused iPhone 6s unexpected shutdowns, but it did not point out whether battery manufacturing defects existed in other iPhone models, such as iPhone 6, iPhone 6s Plus, iPhone 7, or iPhone 7 Plus. In fact, unexpected shutdowns occurred not only on the entire iPhone 5 and 6 families, but also on the iPhone 7 [34] , [35] ' ' Apple emphasized that all Li-ion batteries lose their ability to store and provide energy on demand as they chemically age, implying that iPhones shut down unexpectedly as a result of normal battery chemical aging. This statement conflicts with its earlier claims in November 2016 that a battery component was exposed to controlled ambient air longer than it should have been before being assembled into battery packs [33] , as well as the claim [11] in December 2016 that no new factors had been identified.
Apple posted the article ''iPhone battery and performance'' [42] [42] . Their claim that shutdowns were used to protect the iPhone's electronics from damage caused by low voltage is inconsistent with complaints that the battery shut down even when the iPhone indicated 30% remaining battery level. Apple also neglected to mention the effect of C-rate on the drop of battery terminal voltage, a point that will be presented later in this paper.
On January 23, 2017, Apple released an updated iPhone operating system (iOS 10.2.1) to improve the battery processes and help avoid shutdown problems caused by hardware defects [43] . However, Apple customers complained that their iPhones began functioning so slowly that it became impossible to use the devices, even for ordinary tasks such as text messaging and making phone calls [44] - [46] . A complaint that the iPhone performance got slower after updating the new iOS was posted on the Apple Support Communities website and prompted 2264 customers to indicate that they had experienced the same phenomenon [47] . Such a high number of complaints resulted in media attention [48] and prompted an inquiry about the slow performance of iPhones from the United States Senate Committee on Commerce, Science, and Transportation [49] .
On Apple's offer of a discounted battery replacement applied not only to the iPhone 6s, but also to the 6, 6s Plus, 7, and 7 Plus, which suggested that the slow performance issue occurred on all those iPhone models. And while Apple stated [41] that the continuous chemical aging of the batteries in older iPhone 6 and iPhone 6s devices was a contributor to slow performance, they did not address the causes of slow performance in the other iPhone models, including the iPhone 6s Plus, 7, 7 Plus, 8, and 8 Plus. Furthermore, considering that the iPhone 8 was introduced to the market in September 2017 and Apple's replacement offer was in December 2017, a three-month-old battery could hardly be considered old or significantly chemically aged. There was clearly another reason.
In 2018, Apple further explained battery performance management in the article ''iPhone battery and performance'' [42] , stating that According to the article, the slow performance of iPhones was ultimately due to poor batteries and a product that could not handle Apple's apps without prematurely losing capacity and often times, abruptly shutting the phone down. It can be inferred from the statement that the ''sudden shutdown'' fix, based on the revised iOS software, was implemented to reduce high C-rate (electrical current drain rate) of the battery which typically results in higher battery degradation as well as larger heat dissipation (I 2 R losses) in the contacts [8] , [15] . While reducing high spikes in current would result in better battery management, the unintended consequence was the slow performance. Table 1 presents the battery models installed in iPhones, based on various sources. Several battery models were employed in any given iPhone model. The maximum charge voltage was 4.3 V for iPhone 5 and 5s and increased to 4.35 V for iPhone 6 to Xs Max (perhaps to provide increased capacity). Stand-by time was not specified for the iPhone 8 and the later models. The battery capacity and energy density are plotted in Fig. 1(a) for iPhone 5, 5s, 6, 6s, 7, 8, X, and Xs, and in Fig. 1(b) for iPhone 6s Plus, 7 Plus, 8 Plus, and Xs Max, according to the iPhone size, respectively. The first peak of energy density in group (a) appeared on the iPhone 6s. Coincidently, the iPhone 6s experienced unexpected shutdowns and slow performance [11] .
III. DISCUSSION AND EXPERIMENTS
A battery for a cell phone should last for the expected life of the product without the battery reaching its end of life (EOL). The generally accepted definition for EOL is 80% remaining capacity or a 20% drop in its initial capacity. So while a normally degraded battery will exhibit a reduced capacity and increased internal resistance, the battery should not lose more than 20% of its original capacity or cause unexpected shutdowns over the expected life of the product. Apple supports this point in its document ''iPhone battery and performance'' [42] by stating ''a normal battery is designed to retain up to 80% of its original capacity at 500 complete charge cycles when operating under normal conditions.'' However, the complaints about batteries in iPhone 5 [19] [40] started to appear within months after each device was introduced to the market, which suggests that decreased performance and shutdowns cannot be attributed to normal aging. So, what are the likely candidates that have plagued Apple batteries and iPhones? It appears to be a combination of defective batteries and high C-rate applications. The remainder of this paper focuses on the C-rate issues and experiments that show the trends.
C-rate is a measure of the rate at which a battery is being charged or discharged relative to its maximum capacity. For instance, a typical 2900 mAh iPhone battery with a 1C rating, as presented in Figure 2 , means that up to 2.9 A can be drawn from the battery to drain it within 1 h. Similarly, a 2900 mAh battery with a 2C rating can be fully discharged within 30 min at 5.8 A. However, a higher discharge rate affects the battery lifespan in a non-linear manner, even within the manufacturer's ratings [52] - [55] .
IEEE Standard 1625, Standard for Rechargeable Batteries for Multi-Cell Mobile Computing Devices, defines overcurrent as, ''The situation where the current to or from a cell or battery pack exceeds the manufacturer/supplier rating or specifications.'' The standard also notes that ''Overcurrent may damage the normal operation of the cell or battery and/or induce a hazard.'' This standard also confirms that high C-rates, especially greater than the manufacturer's rating (often 1 or 2C), can damage the normal operation and induce hazards. Figure 3 shows that with an increase in C-rates the measured capacity of the battery decreases. For example, the measured capacity of the iPhone battery under C/5 discharge C-rate was about 2.89 Ah, but was only around 2.49 Ah capacity when the battery was discharged with 3C discharge current. Hence, at a high C-rate, batteries may show lower capacity than the manufacturer's ratings. A low capacity combined with a high C-rate can lead to increased battery drain and thus a shortened operational duration.
A high C-rate can also significantly reduce the terminal voltage value. This is due to the voltage drop caused by ohmic resistance, which is common for all Li-ion batteries across the industry. That is, higher currents drawn will cause a large drop across the internal resistance resulting in lower voltage output. This phenomenon is seen in our experimental data (Figure 4 ), which presents a voltage drop of around 0.4 V, 0.7 V, and 1.1 V at 2.9 A (1C), 5.8 A (2C), and 8.7 A (3C) discharge currents, respectively. The terminal voltage drops sharply due to large currents drawn from the batteries, which may result in low-voltage conditions and trigger unexpected shutdowns. Figure 5 shows that the real parts of impedance at the frequency of 100 mHz are 113.7, 80.4, 72.2, and 67.4 m at an SOC of 0%, 40%, 60%, and 100%, respectively. These results show that a battery with a low SOC will have a larger voltage drop than a battery with a high SOC under a constant discharge C-rate, due to the increased internal resistance. In addition, a battery with a low SOC will typically have [56] . When the battery experiences a high discharge C-rate, it will thus exhibit a large voltage drop on the internal resistance, which results in a reduced terminal voltage, which can result in unexpected shutdowns, even when there is significant capacity (charge) left in the battery.
High C-rates cause larger strain gradients and cracks in the electrode particles and SEI layer [57] , [58] , resulting in higher battery degradation. Figure 6 presents an example of the nonlinear degradation effects of C-rates on a Li-ion battery. In this experiment, which we conducted, for the test under a 0.5C rate, it takes more than 500 cycles to decrease the capacity to 90% of its initial value. If a simple algebraic model y = A(C)x+ B, where A(C) and B are the model parameters and C is the C-rate, is employed to fit battery capacity fade, then the degradation is somewhat similar for C-rates of 1C and FIGURE 1. iPhone battery capacity and energy density. (a) Data for iPhone 5, 5s, 6, 6s, 7, 8, X, and Xs; (b) data for iPhone 6s Plus, 7 Plus, 8 Plus, and Xs Max. Energy density was defined as ratio of Wh rating by battery weight and was computed using the data in Table 1 .
0.5C with a slope of −2 ×10 −4 . However, the slope changes abruptly to −6 ×10 −4 for a C-rate of 1.5. If a polynomial, A(C) = aC 2 + bC + d, is used to fit the changes of the slope, then the estimates of the polynomial parameters are a = 0.0008, b = −0.0012, d = 0.0006. As the test C-rate is increased, the capacity decay rate increases at a high rate. This can be observed in Figure 6 where the capacity is reduced to 90% within 200 cycles at 1.5C rate. A battery with a reduced capacity can be drained and has a shortened operational duration.
In addition, as the C-rate increases, the battery temperature due to ohmic heating increases, which in turn accelerates battery degradation [14] . The elevated temperature promotes the decomposition of electrolyte, leading to the more rapid consumption of active lithium, and reduction in cathode performance due to the generation of a surface layer and structure degradation [54] , [57] . As a result, the decrease of capacity and the increase of resistance of Li-ion batteries are accelerated when cycling under high temperature. Figure 7 presents the aged battery caused a larger voltage drop compared to a fresh battery. For example, a new phone battery had 0.14 V voltage drop under C/2 discharge current, but the voltage drop for a used battery was about 1.0 V.
Even for normal and completely healthy batteries, high C-rates affect the immediate as well as long-term battery performance. For example, Guan et al. [5] presented the degradation of commercial Li-ion batteries with a rated capacity of 1 Ah under various discharge C-rates. The lifetime of a full cell cycled at 0.6C was about one year. When the test C-rate increased to 3.0C, the lifetime reduced by 17.6%. And for the 0.6C discharge C-rate, the discharge capacity was around 1.3 Ah and voltage drop around 0.08 V, while the discharge Although Apple doesn't share data that quantifies the exact current drawn and C-rate profiles, prior to the iOS 9, Apple provided a public Application Programming Interface (API) for device battery SOC [59] , [60] . This allowed third-party developers to develop apps which could display battery SOC and use this information for other battery-related activities. Unfortunately, we have not seen a public API for developers to retrieve detailed battery data such as cycles, C-rates, and battery health. Many apps (such as ''Battery Life'' and FIGURE 4. Voltage drop of internal resistance under various discharge C-rates. The iPhone battery was charged and discharged five cycles under various discharge C-rates to identify the effects of C-rates on voltage drop on internal resistance. The curves were plotted using the data obtained according to the charge/discharge processes in Figure 3 .
FIGURE 5.
Effects of SOC on battery impedance in Nyquist format. This is the impedance of a commercial LiCoO 2 /C battery with 1.5 Ah rated capacity, measured under normal operating conditions. The battery underwent a CC-CV charging process with a charge C-rate of C/2, cut-off voltage of 4.2 V and cut-off current of C/20, and rest 1 h, and then the battery impedance at SOC 100 was measured. The battery was discharged with constant C-rate of C/2 for 24 minutes to get SOC 80 and followed by 1 h rest, and then the battery impedance was measured. This process was repeated another 4 times, and the battery impedance at SOC 60, 40, 20 and 0 were obtained.
''Battery Health'') used indirect methods to decipher detailed battery information [61] , [62] . Subsequently, with the release of iOS 10 in September 2016, this information was apparently not available to end-users, which raised suspicions that Apple had deliberately slowed operation of the phones as it was around the same time when problems with slow iPhones emerged. While the authors do not know whether Apple intentionally slowed the iPhone operations to boost new phone sales, this was an unintended consequence of limiting C-rates to optimize battery performance, which led VOLUME 7, 2019 TABLE 2. iPhone battery discharge C-rates.
FIGURE 6.
Effects of high C-rates on Li-ion battery degradation.
to slow operations of iPhones. Apple released its own battery health monitor (iOS 11.3 and onwards, June 2017) through the Battery Health feature to identify state of health and battery usage history [63] , [64] . However, even with this feature, customers have reported no improvement of iPhone performance [65] , and there is still no app to detect the actual C-rate for each operational app.
To get a sense of battery life, iPhone provided information on the talk time (see Table 1 ). The talk time is 14 h for iPhone 6, 6s, 7, and 8; 24 h for iPhone 6s Plus; 21 h for iPhone 7 Plus, and 8 Plus; and 25 h for iPhone Xs Max, respectively. The corresponding discharge C-rates can be estimated as 0.0714C, 0.0417C, 0.0476C, and 0.04C, which can be considered as the discharge current Apple assumed the batteries have during talking. Interestingly, the discharge C-rates of the batteries in iPhones in use are much higher (e.g., at least 5.6, 9.6, 8.4, and 10.0 times) than Apple's estimates, as shown in Table 2 . For our assessment, a ratio is defined as discharge C-rate in use/estimated discharge C-rate. Zoltan [66] also showed that the battery discharge times of iPhone 6s for 3D games and GPS were about 2 h 30 min and 1 h 30 min, respectively, suggesting C-rates as high as 0.4C and 0.67C. With many apps operating at the same time, the instantaneous discharge current may be much higher.
In terms of battery manufacturing defects, during the electrode preparation process, non-uniform coating of the electrode on current collector, pinhole defects, and blisters/agglomerates can be generated [1] . These defects can result in inferior electrochemical performance and overheating. Defects in the separator include holes, inferior puncture strength, and clogged pores. These defects can cause local lithium plating, and lead to reduction of battery capacity by consuming active lithium. In addition to the defects within the battery components, contaminants can also be introduced during the battery manufacturing process, that can affect the resistance. Due to the increased internal resistance in an aged battery, the terminal voltage of the aged battery is reduced.
IV. CONCLUSIONS
This work focuses on in-service operation of Apple iPhones and investigates the reasons behind unexpected battery drain, shutdowns, and slow performance. The evolution of reliability issues that occurred in affected iPhone batteries was as follows: The batteries experienced a high C-rate, which resulted in a reduced battery capacity and led to battery drain or shortened operational duration. When a battery was under a low SOC, such as 40%, it had a low terminal voltage. Furthermore, the low terminal voltage was drawn down to a lower level due to a large voltage drop on the internal resistance under high discharge C-rate. In this situation, unexpected iPhone shutdowns may have been triggered even when there was substantial charge remaining in the battery. High C-rates and high temperatures accelerated battery aging in a short amount of time and resulted in decreased capacity and increased resistance. The performance and reliability issues of Li-ion batteries were further aggravated by battery aging.
It appears that Apple tried to fix these issues by reducing the high discharge current by manipulating the iOS software, but the fix triggered the iPhone slow performance issue because certain apps, such as SnapChat, require high C-rates to operate adequately.
We conclude that problems associated with Li-ion batteries and the C-rate of various applications were the main cause for the reliability and performance with these phones. This assessment is backed up by graphing and linking high C-rates with battery performance degradation (leading to higher internal resistance), which in turn leads to a higher rate of battery drain and unexpected shutdowns. Subsequently, Apple's efforts to mitigate these issues with software updates (where the C-rate was reduced) to improve battery performance resulted in slow performance of the phones.
While some of our conclusions may appear to be common sense, even big companies, such as Apple, which sells millions of batteries per year in its iPhones and employs numerous PhDs in its battery group, might be unaware of them. When companies develop apps, both the app developers as well as the device manufacturers, must consider the electrical current draw (C-rate) of the app. As noted in our experiments, C-rate has a highly nonlinear degradation effect on capacity fade, especially at C-rates greater than 2C. As a result, certain apps may not be appropriate for some devices and may have to be 'slowed' down to avoid degrading the obtainable capacity in an accelerated manner. Device manufacturers may therefore need to test at higher C-rates that are consistent with the operational usage conditions. And, as noted previously, IEEE Standard 1625, states that ''Overcurrent may damage the normal operation of the cell or battery and/or induce a hazard.'' Finally, companies should be honest about how they manipulate software. Slowing a customer's apps because of a design or manufacturing problem is not an appropriate solution for most customers. For Apple, on December 20, 2017, after denying the existence of any battery defect, Apple admitted that it modified iOS in a manner that slowed the performance of the iPhones. But even then, Apple unfortunately characterized [67] its modification of iOS as a ''feature'' that was purportedly for the benefit of its customers:
Last year we released a feature for iPhone 6, iPhone 6s and iPhone SE to smooth out the instantaneous peaks only when needed to prevent the device from unexpectedly shutting down during these conditions. We've now extended that feature to iPhone 7 with iOS 11.2, and plan to add support for other products in the future.
